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Introduction: 
 The main focus of this work is to study the effects of population demographics in the 
mammary gland on cancer risk using mathematical means and employ microtechnology for in 
vitro studies of primary cell characteristics.  Specific attention has been paid to developing more 
quantitative methods for analyzing microfluidic cell cultures using In Channel Westerns.  Also, 
understanding how the microfluidic culture platform differs from traditional macro-scale 
techniques is critical.  By thoroughly understanding how this culture platform affects the cellular 
baseline first, better and more efficient data collection can be performed, thus requiring fewer 
primary cells.  Preliminary results showing the effectiveness and ease of using In Channel 
Western protocols for studying protein expression in microfluidic cultures is promising.   
 
 
 
 
 
Body: 
 
 
Training Program: 

All coursework for the PhD degree has been finished.  Training for using microfluidics for 
culturing cell lines was performed during the first three months of the award due to it’s start date 
being moved to June from September (instead of prior as stated in the Statement of Work).  The 
use of immunocytochemical techniques was integrated into the microfluidic platform, including 
cell fixation, blocking and various staining protocols.  The techniques were tested using a very 
well defined cellular reponse to a growth factor, discussed below.  A poster was presented at the 
Biomedical Engineering Society Meeting in October 2006 on the topic (abstract is attached).  
Further analysis of the culture platform has since been performed, as described below. 
 I attended both the Biomedical Engineering Society annual conference in Chicago in 
October of 2006, and the Stem Cells and Cancer, Keystone Symposium in 2007.  Both meetings 
were very useful for understanding how my work fits into both the engineering and biological 
communities.  Insight into how best to approach the project was invaluable and led to the decision 
to focus more on the culture platform initially, and developing a robust method of quantitation.     

I have continued to attend Cancer Biology Literature Groups, biweekly, along with 
relevant seminars on campus.  In November 2007 I presented a paper for discussion at the 
Cancer Biology Literature Group.  Also, I have attended both Dr. Alexander and Dr. Beebe’s 
laboratory meetings, from which I have benefited greatly by working very cooperatively with the 
members of each lab.   
 
 
 
 
Task 1: 

The mice and reagents needed to perform the in vivo labeling of stem and progenitor 
cells that have become quiescent have not proved to be accurate and well defined enough to 
perform the experiments we proposed.  The mice that had been described in the proposal would 
ideally expressed a GFP labeled Histone 2b conditionally while exposed to doxycycline.  This 
would allow us to expose mice during early development to doxycycline as a pulse, then to later 
analyze the population for percentages of GFP-labeled cells after a chase period.  These label 
retaining cells would have been quiescent during the chase period and that number could be 
compared with the mathematical model we’ve produced.  While some cells of the glands in these 
mice do express GFP-Histone 2b, only ~30% of the cells are positive in virgins treated with a 
continuous pulse of doxycycline rather than 100% as would be expected.  Due to the uneven 
expression of MMTV (mouse mammary tumor virus) in the virgin glands, the Tet transactivator 
that is under it suffers from heterogeneity within the glands as well.  Thus, these mice are not 
ready to assay currently in an efficient and considerate manner, so work was focus on the other 
aims in the proposal.   
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However, a more thorough investigation of the math model was performed during the 
funding period.  Another publication detailing the work was published in Cell Proliferation and is 
attached, in which all the details can be found.  Briefly, this work provided a better understanding 
of how the different control factors in the model affect the final outcome of the population 
demographic was obtained.  This will allow us to better be prepared for results when useful and 
defined mice strains become available.  We identified that density dependence and cell cycle 
times will be critical parameters to thoroughly understand in vivo because the overall 
demographic is particularly sensitive to differences in them.  Additional details on the variety of 
aspects of the model we tested can be found in the publication. 
 
 
 
 
Tasks 2 and 3: 
  It was determined that further understanding of the use of microfluidic culture devices 
would be better performed first rather than last, as if this is not a suitable culture method, then 
another must be determined before undergoing the expensive pulse-chase experiments in Task 
1.  Cell lines have shown in our lab that there are differences in cell seeding and survival between 
the microfluidic cultures and traditional macro scale cultures1.  I have begun to work to develop 
more robust microfluidic cultures, and to understand how dynamics of cell seeding, attachment 
and proliferation are different between the culture platforms.   

In order to provide quantifiable readouts, I have begun work on characterizing a Western 
analysis protocol in microfluidic cultures.  With this technique, I will then be able to quantify 
differences in cellular behavior in microfluidic culture in a variety of readouts such as activation of 
various stress pathways (phosphorylation of MAPK’s, DNA damage, reactive oxygen species 
generation, etc), along with basic cell adhesion processes and proliferation.  By understanding 
the status of cells in these cultures, I will then be able to improve culture conditions for primary 
cells in order to minimize any artifacts that may come from the culture conditions themselves.  
This will facilitate the generation of more accurate data from expensive and rare primary stem 
cells, thus requiring fewer cells and reduced reagents. 
 
 
 
In Channel Westerns 
 The Western blot is a typical readout for macro scale cultures, but due to the requirement 
of very large total amounts of protein in order for the technique to provide accurate results, it 
cannot be used with current microfluidic techniques.  Western blots currently require 
approximately 500 to 2,000 times the cell lysate that is typically present in microfluidic cultures.  
To date, very few methods have been used to provide quantitative data from microfluidic cultures.  
While immunocytochemistry techniques have been used, the readouts are qualitative (such as to 
prove that cells have differentiated, at best providing a percentage of cells positive for a marker), 
and are generally unable to analyze the entire population found in the cultures.  Because 
microfluidic cultures require so few cells, a very useful characteristic of the technique is that all 
the cells of a specific culture population could be analyzed if the appropriate analysis techniques 
were available. 

To improve our ability to derive quantitative readouts from the primary cell readouts we 
will be performing in the future, I have worked to adapt a new technique currently used for macro 
scale cultures into the microfluidic culture platform.  The technique is the In Cell Western, in 
which immunofluorescence rated antibodies can be used in situ to stain for proteins of interest, 
and the entire culture area is then scanned using an infrared scanner (Licor).  By integrating the 
intensity over the entire culture area, the total integrated intensity can be determined.  By staining 
for nuclei, the fluorescence from the secondary antibodies can be normalized to the number of 
cells by comparing it to the fluorescence from the nuclear dye.  This is similar to the loading 
control that would be typically found in a Western blot to control for total protein.  The ratio of 
these fluorescence intensities can provide a relative measurement of the amount of a protein per-
cell in various experimental conditions.  
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 By performing this type of analysis in situ, we can measure the responses of cells to 
various treatments in micro scale cultures using Western techniques.  To test the sensitivity of the 
In Channel Western (an In Cell Western only in a microfluidic channel), as compared to current 
macro scale results, I performed a side by side comparison of a macro and micro scale assay.   
 For the initial readouts, I tested the response of a normal murine epithelial cell line 
(NMuMG) to Transforming Growth Factor-b (TGF-b).  It has been shown previously that this cell 
line undergoes epithelial to mesenchymal transition (EMT) when exposed to TGF-b in vitro2.  The 
protocols for this transformation were repeated in the same way for both macro and micro scale 
cultures.  Cells were seeded into macro and micro scale cultures at the same surface density, 
allowed to plate for 24 hours, then the media was changed to the experimental media with 
varying doses of TGF-b and 24 hours later the cells were fixed and stained.  When these cells 
undergo EMT, they lose E-cadherin expression, in what is typically a dose-dependent manner.   
 
 
 
 

 
(a) 

 
(b) 

Figure 1:  Images obtained from scanning the macro (a) and micro (b) scale cultures for E-
cadherin intensity (green) and nuclear stain (red).  From left to right, columns in both macro and 
micro scale images correspond to:  No Primary, Control, 1pM, 10pM, and 100pM TGF-b.  Both 
cultures were seeded with the same surface density and exposed to TGF-b for 24 hours prior to 
fixation and staining.   
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Figure 2:  Plot of E-cadherin expression in NMuMGs after 24 hour exposure to TGF-b at various 
doses and in both macro and micro scale cultures.  By taking the total integrated intensity of the 
E-cadherin images in Figure 1, normalizing them to the fluorescence of the nuclear stain in each 
channel they can be plotted for each condition.  Error bars represent the standard error.  Stars 
indicate statistically significant differences between the values and that of the control for the micro 
scale cultures (p<0.002).   
 
 
 The data indicate that the micro scale In Cell Western may prove to be more sensitive to 
changes in expression.  No statistically significant (p<0.10) differences in fluorescence between 
the cultures dosed with TGF-b and controls were obtained in the macro scale cultures, due to 
large variations.  The micro scale cultures, however showed very repeatable measurements and 
statistically significant differences in fluorescence between the 10 and 100pM doses and control 
(p<0.001).  Further analysis of the sensitivity of the technique in the micro scale cultures will be 
performed for this and other assays of interest.   
 
 
 
Key Research Accomplishments: 

- Completed a detailed analysis of a mathematical model of stem cell regulation in the 
mouse mammary gland 

- Completed training in microfluidic cell culture and other relevant lab techniques including 
image acquisition, image analysis and time lapse imaging system instruction 

- Adapted In Cell Western protocol to microfluidic cell culture platform to provide a 
quantitative readout 

- Begun using In Channel Western protocol for quantification of microfluidic cell culture 
conditions 
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Reportable Outcomes: 

- A Publication in Cell Proliferation 
- An Abstract and poster presented at Biomedical Engineering Society Meeting, 2006 
- Significant training in Western blotting protocols and microfluidic assays 
- Coursework for degree finished, and preliminary examination proposal written 

 
 
 
 
Conclusion: 
 The mathematical model that was developed has now been thoroughly analyzed and its 
implications for assays of stem cells in vivo understood.  As future analyses of primary cells from 
mouse breast cancer models will depend on a robust microfluidic culture platform and a method 
for quantitative analysis, work was focused on platform development.  Without a thorough 
understanding of how this culture platform effects cell behavior, the results of assays done in the 
future may be affected by any artifacts from the culture technique.  To eliminate this possibility, 
further examination of the cellular baseline using adapted Western techniques will be important.  
By using the In Cell Western technique and adapting it to use in microfluidic cultures, we have 
developed a very simple, accessible method for analyzing microfluidic assays.  This technique 
provides the first, straightforward technique to produce quantitative data from an array of 
microfluidic culture channels.   
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 Epithelial to mesenchymal transition (EMT) is an important set of cellular 
changes that occur during development allowing the formation of tissues in the embryo.  
These changes include increased motility, loss of epithelial characteristics such as E-
cadherin localization and changes in the actin cytoskeleton, among others.  These 
alterations have been linked to carcinoma formation and the ability of the carcinoma cells 
to metastasize.  The pathways involved in this transition and how they function are topics 
of active research.  Specifically, the induction of EMT by transforming growth factor - β 
(TGF-β), a growth factor which normally inhibits cellular proliferation, is of interest 
because tumor cells can acquire a resistance to this effect, allowing them to persist and 
metastasize. 
 Microfluidic analysis of cellular responses to growth factors allows the 
importance of the local environment to the cellular response to be studied.  We have used 
normal mouse mammary epithelial cells at low and high surface densities in macro- and 
micro-scale cultures to analyze the dose response of this cell type to TGF-b at different 
timepoints.  Differences in thresholds for EMT between cultures of differing scales or 
densities illustrate the importance of the culture conditions on the results of experiments 
involving cellular exposure to growth factors.  By using microfluidic cultures for this 
type of experiment, more detailed studies of the activation of cellular responses from 
short-term cell surface alterations to longer-term transcriptional responses can be 
performed.   
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